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ABSTRACT: Of the various forms of titania (anatase, rutile and brookite) anatase is found to be the best 
photocatalyst. Without any chemical additives, the anatase to rutile transformation in pure synthetic 
titania usually occurs at a temperature range of 600 to 700 °C. High temperature (≥800 °C) stable 
photoactive anatase titania is required for antibacterial, application in building materials. A simple 
methodology to extend the anatase phase stability by modifying the titanium isopropoxide precursor by 
sulphur modification using sulphuric acid is presented.  Chemical synthesis by sol-gel method involved 
the reaction of titanium tetraisopropoxide (TTIP) with sulphuric acid (H2SO4), followed by hydrolysis 
and condensation. The xerogel formed after drying was subjected to further calcination at different 
temperatures. Various TTIP:H2SO4 molar ratios such as, 1:1, 1:2, 1:4, 1:8 and 1:16 were prepared and 
these samples characterized by XRD, DSC, Raman spectroscopy, XPS and BET surface area analysis. 
Sulphur modified samples showed extended anatase phase stability up to 900 ºC, while the control 
sample prepared under similar conditions completely converted to rutile phase at 800 ºC. Stoichiometric 
modification up to 1:4 TTIP: H2SO4 composition (TS4) was found to be most effective in extending the 
anatase to rutile phase transformation by 200 °C compared to the control sample and it shows 100 % 
anatase at 800 °C and 20 % anatase at 900 ºC.  Samples of 1:4 TTIP:H2SO4 composition calcined at 
various temperatures such as 700, 800, 850 and 900 ºC showed significantly higher photocatalytic 
activity compared to the control sample. The 1:4 TTIP:H2SO4 composition calcined at 850 ºC showed 
the highest photoactivity and it decolorized the rhodamine 6G dye within 12 minutes (rate constant 0.27 
min-1) whereas the control sample prepared under identical condition decolorized the dye after 80 
minutes (rate constant 0.02 min-1). It was also observed that the optimal size for highly photoactive 
anatase crystal is ca. 15 nm. XPS studies indicated that the retention of the anatase phase at high 
temperatures is due to the existence of small amounts of sulphur up to 900 °C.  
KEYWORDS; Titania, sulphur doping, anatase stability, photocatalysis.  
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1. Introduction 
Nanocrystalline anatase titania has found various applications in areas such as photocatalysis, 
photovoltaics, nanochromic display devices and self-cleaning coatings.1-8 High temperature stable 
photoactive anatase phase which remains up to the curing temperature of ceramic substrates is 
particularly desirable for antibacterial material applications.2,9 Under normal condition, anatase titania is 
nonreversibly converted to rutile at a temperature range of 600 to 700 ºC.8 Therefore synthesis of a high 
temperature (≤800 ºC) stable anatase phase is one of the major challenges in ceramic industries.9 Metal 
ion dopants have conventionally been used to extend the anatase phase stability at high temperatures.10-
14
 However, formation of various secondary impurity phases, such as metal titanates and/or metal oxides 
at high temperatures is the major drawback of these methods.8,10 Secondary impurity phase formation 
will reduce the photoactvity and phase stability of anatase titania.10 Chemical modification of the 
precursor by using organic materials is another method used to develop high temperature stable anatase 
titania.2 This eliminates the possibility of producing secondary impurity phases at high temperatures and 
therefore improves the required properties of titania. Various chemical modifications have previously 
been reported such as urea, acetic acid and trifluroacetic acid.2,15,16 We have recently found that the 
incorporation of nitrogen using chemical modification of titanium isopropoxide by urea leads to the 
retention of 11% anatase phase at 900 ºC.2   
Colon et al. reported the enhanced photoactivity of sulphated titania and sulphuric acid stabilized Cu 
doped titania for phenol degradation.17,18 The material calcined at 700 ºC was crystalline and contains 
90% anatase but it was completely transformed into rutile at 800 ºC. A strong correlation between 
oxoanion (SO42-, NO3- and PO43-) stability during calcination and  photocatalytic behavior of TiO2 was 
also reported.19 These acid treatments lead to an excess of adsorbed protons (Bronsted acid sites) 
incorporated onto the TiO2 surface. Sulphur modification in TiO2 using hydrothermal treatments were 
also reported.20,21 Ho et al. investigated the antibacterial effect of S-doped titania prepared using 
thiourea and this study revealed that S-doped titania was effective in killing  Micrococcus lylae, a gram 
 4
positive bacterium.20,21  Recent literature reports indicate that sulphur could either add  to the TiO2  
matrix
 
as a cation or an anion depending upon the sulphur source employed.22-27 Umebayashi et al. 
reported that sulphur is doped as an anion in titania.22-24 This anion doping shifts the absorption 
spectrum of titania to a lower energy and effectively leads to visible light activity. Ohno et al. found out 
that S4+ substitutes some of the lattice Ti4+ leading to visible light activity.25,26   
A comparative study of two different Cu precursors, CuCl2 and CuSO4 for anatase stabilization was 
reported by Bokhimi et al. and they suggested that 10 wt% CuSO4 addition was effective in retaining 
98% anatase at 800 °C.27 The stabilization explained in these previous studies may not only be due to 
the sulphate ions but is more likely due to the combined effect of Cu2+ and SO42-.17,18,27 It should also be 
noted that upon 10 wt% addition of CuSO4, copper segregated as bonattite (CuSO4·3H2O) after 
annealing the sample at 400 °C or lower temperature and as antierite (Cu3SO4(OH)4) after annealing the 
sample at 800 °C.27 
Even though there are a few reports available in the literature on the pretreatment of titania using various 
inorganic acids such as sulphuric acid, nitric acid and phosphoric acid to improve photoactivity17,18,28 
(using N, S or P incorporation), there are no systematic studies reported in development of a high 
temperature stable photoactive anatase titania using sulphur modification. Here we report a simple 
systematic study of the preparation of high temperature stable photoactive anatase titania through 
modifying the precursor titanium isopropoxide with various mole ratios of sulphuric acid (1:1, 1:2, 1:4, 
1:8 and 1:16 TTIP:H2SO4). The effect of sulphur modification was studied by using various 
characterization techniques such as XRD, Raman spectroscopy, XPS, DSC and BET surface area 
analysis. This study has further investigated to what extent sulphur modification improves the anatase 
phase stability. It also aims, to identify how the chemical modification improves the photoactivity of 
titania by incorporating sulphur in a titania matrix. The novelty of the current work is the development 
of a high temperature stable photoactive anatase phase stable up to 900 °C using S- modification.  
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2. Experimental section 
2.1. Procedure 
 The reagents used in this study were titanium isopropoxide (Aldrich, 97%) and sulphuric acid (Aldrich, 
95-97%). In a typical experiment, 1:4 TTIP:H2SO4 precursor solution, 29.7 mL titanium isopropoxide 
(Ti(OPr)4) was placed in a beaker. To the above solution 38.8 mL conc.H2SO4 (95-97%) dissolved in 
180 mL water was added. The solution was then stirred for 20 minutes and aged for 2 hours at room 
temperature. It was then dried at 350 °C for 6 hours. The dried powder was calcined at various 
temperatures (600, 700, 800, 850 and 900 ºC) at a heating rate of 5 °C per minute and held at these 
temperatures for 2 hours. 
 A similar procedure was adopted to synthesise 1:1, 1:2, 1:8 and 1:16 samples. Samples are named as 
TS1, TS2, TS4, TS8 and TS16 respectively. In all cases the molar ratio of TTIP: H2SO4:H2O is 1: x: 100 
where x corresponds to the 1, 2, 4, 8 or 16. A control sample without any sulphuric acid was also 
prepared to compare the results.  
XRD patterns of the calcined gels were obtained with a Siemens D 500 X-ray diffractometer in the range 
2 theta = 20–70° using CuKα radiation. The amount of rutile in the sample was estimated using the 
Spurr equation (Equation 1). 
 
                                               (1) 
Where, FR is the mass fraction of rutile in the sample, IA (101) and IR (110) is the integrated main peak 
intensity of anatase and rutile respectively. The crystal size of the control and TS4 sample was 
calculated by using the Scherrer equation (Equation 2).  
                                                                                  (2) 
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BET (Brunauer, Emmett and Teller) surface area measurements and pore size analysis were carried out 
using nitrogen adsorption using a Quantachrome Nova 4200 surface area analyser. The measurements 
were carried out at liquid nitrogen temperature after degassing the powder samples for 3 hours at 300 
°C.  
Differential Scanning Calorimetry (DSC) analysis was carried out using a Rheometric Scientific DSC 
QC. A small amount (3 mg) of the dried precursor sample was heated from room temperature (25 °C) to 
650 °C at a constant heating rate of 10 °C/min. 
X-ray Photoelectron Spectroscopy (XPS) analyses were performed using a Thermo VG Scientific Sigma 
Probe spectrometer. The instrument employs a monochromated AlKα X-ray source (hν = 1486.6 eV) 
which was used at 140 W. The area of analysis was approximately 500 µm diameter for the samples 
analysed. For survey spectra pass energy of 100 eV and a 0.4 eV step size were employed. For C 1s and 
Ti 2p high resolution spectra, a pass energy of 20 eV and a 0.1 eV step size were used. For O 1s high 
resolution spectra, a pass energy of 20 eV and a 0.2 eV step size were used. For S 2p high resolution 
spectra a pass energy of 50 eV and a step size of 0.2 eV were employed. Charge compensation was 
achieved using a low energy electron flood gun. Quantitative surface chemical analyses were calculated 
from the high resolution core level spectra, following the removal of a non-linear Shirley background.  
2.2 Photocatalytic study                          
In a typical experiment, 0.06 g TS4 sample calcined at 850 °C was dispersed in rhodamine 6G solution 
(50 mL, 5×10-6 M) and this suspension was irradiated in a Q-Sun Xenon solar simulator chamber (0.68 
W/m2 at 340 nm) with stirring. The degradation of rhodamine dye was monitored by taking 4 ml aliquots 
at different intervals of time. These aliquots were centrifuged and absorption spectra of the samples 
were recorded using as UV/Vis spectrophotometer. Similar experiments were carried out for the control 
sample calcined at 850 oC. The rate of degradation was assumed to obey pseudo-first order kinetics and 
hence the rate constant for degradation, k, was obtained from the first order plot (3). 
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                                                                                      (3) 
Where, A0 is the initial absorbance, A is the absorbance after a time (t) and k is the pseudo-first order 
rate constant.   
3. Results 
3.1. XRD analysis  
The anatase to rutile transformation of the calcined samples was studied by powder X-ray diffraction 
(XRD) technique. The XRD patterns of the samples calcined at 700, 800, 850 and 900 °C are shown in 
Figures 1 and 2. The weight fraction of the anatase retained in the sample after various calcination 
temperatures was calculated by comparing the XRD integrated intensities of (101) reflection of anatase 
and (110) reflection of rutile. It was found that a 100 % anatase TiO2 was observed at the temperature of 
800 °C for the sample prepared with or above TS4 composition. In comparison, it was found that even at 
700 °C, the control sample showed 82 % rutile while in the case of the samples prepared with lower 
mole ratios of H2SO4, (TS1 and TS2) the anatase to rutile transformation commences above 700 °C and 
its complete transformation to rutile occurred only at 900 ºC (Table 1).  There is no notable influence on 
the anatase to rutile transformation temperature above TS4 modification. The TS8 and TS16 samples 
show almost similar phase distribution behavior up to 800 °C and were found to be slightly less 
effective in retaining the anatase phase at 900 °C compared to TS4 sample (Table 1). The optimum level 
of modification was found in the TS4 sample. The control sample was fully converted to rutile at 800 ºC 
(Figure 1) while the TS4 sample retains 100% anatase at 800 ºC, 98% anatase at 850 ºC and 20% 
anatase even at 900 ºC (Figure 2 and Table 1).  
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   Figure 1. XRD spectra of calcined sample at 700 °C and 800 °C a) Control b) TS4  
 
 
 
 
 
 
 
 
 
 
Figure 2. XRD spectra of TS4 sample calcined at a) 850 °C b) 900 °C.  
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Table 1. Anatase (A) and rutile (R) content in control and TS4 samples at different temperatures. (Error  
bar ±5%) 
 
Temperature 
700 °C 800 °C 
 
850 °C 
 
900 °C 950 °C 
 
 
Sample 
A R A R A R A R A R 
TS1 100 0 37  63 5 95 0 100 0 100 
TS2 100 0 60  40 25 75 0 100 0 100 
TS4 100 0 100    0 98 2 20 80 0 100 
TS8 100 0 100    0 96 4 3 97 0 100 
TS16 100 0 100    0 90 10 3 97 0 100 
Control 12 82    0 100 0 100 0 100 0 100 
 
3.2. Raman studies  
Raman spectroscopy was applied as an additional characterization tool to confirm the phase 
transformation of titania at high temperatures. According to factor group analysis the anatase phase 
consists of five Raman active modes while the rutile phase consists of four29,2 (i.e. anatase- 144 cm-1, 
197 cm-1, 395 cm-1, 513 cm-1 and 639 cm-1 ; rutile -  143 cm-1, 233 cm-1, 447 cm-1 and 610 cm-1). Figure 
3 indicates the Raman spectra of the control and TS4 modified sample calcined at 800 ºC. All the peaks 
present in the control sample were due to the rutile phase and in the TS4 sample all the peaks were due 
to anatase phase. The TS4 sample calcined at 900 ºC (Figure 4) showed two anatase peaks at 144, 399 
and 514 cm-1 which correspond to the small amount of anatase phase (20%) present in the 900 ºC 
sample. These results indicated that Raman spectroscopy studies were consistent with the XRD results.  
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             Figure 3. Raman spectra of the samples at 800 ºC a) Control b) TS4. 
 
 
 
 
 
 
 
 
          Figure 4. Raman spectra of the samples at 900 ºC a) Control b) TS4 
3.3. XPS analysis 
XPS measurements were carried out to investigate the incorporation of sulphur in the titania matrix. It 
was previously reported that sulphur containing material shows a binding energy value of around 170 
eV.18 The high resolution XPS spectra of the S 2p region of TS4 sample calcined at different 
temperature 700, 800 and 900 ºC are displayed in Figure 5. The presence of sulphur, carbon, oxygen and 
titania in samples was confirmed by XPS analysis. The presence of sulphur was confirmed by a peak at 
168.4 eV (Figure 5). A previous literature report indicated that the peak at 168.4 eV is due to the 
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presence of S6+ cation.21 In all S-modified samples, a peak at 168.4 eV was visible. In Figure 5a, the 
TS4 sample calcined at 700 ºC shows the sharp peak at 168.4 eV, but at higher temperature (800 and 
900 ºC) the peak became broad and splits, indicating that at higher temperature along with the S6+ cation 
there is some amount of S4+ cation also present.26 It has been previously reported that sulphur can be 
doped either as a cation or an anion depending on the precursor used.22-26 Yu et al. reported that anionic 
sulphur doping is difficult to achieve because the ionic radius of S2- (1.7 Å) has a larger value than O2- 
(1.22 Å).21 Furthermore the bond strength of Ti-S bond (418.0 KJ/mole) is less than the already existing 
Ti-O bond (672.4 KJ/mole).21b Therefore the substitution of Ti4+ by S6+ is chemically more favorable 
than the replacement of O2- by S2-. Table 2 shows that the presence of sulphur gradually reduces as the 
calcination temperature increased.  No peaks were found around 160-163 eV which could be attributed 
to the Ti-S bond formation.21  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  XPS spectra of TS4 samples calcined at a) 700 °C b) 800 °C c) 900 °C.  
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3.4. BET surface area analysis 
BET surface area of the TS4 and control titania samples calcined at 700, 800 and 900 °C are listed in 
Table 2. The TS4 sample calcined at 700 °C showed a type IV-isotherm (Figure 6). The results indicated 
that the surface area of the samples was strongly dependent on the thermal treatment. The surface area of 
the TS4 sample decreased from 28 m2/g to 6 m2/g as the calcination temperature increased from 700 to 
900 °C.   BET analysis of the TS4 sample calcined at higher temperatures showed higher surface area 
(18 m2/g at 800 °C and 6 m2/g at 900 °C) compared to the control sample calcined at the same 
temperature (6.4 m2/g at 800 °C and 0.96 m2/g value at 900 °C). Therefore, the sulphur modification 
was found to be increasing the surface area of titania significantly.  
 Table 2. Surface area of the TS4 and control titania at different temperatures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample BET Surface 
area (m2/g) 
(± 2.5%) 
Pore volume 
( cc/g) 
Pore 
diameter 
     
(nm) 
Sulphur content  
(At. %) by XPS 
(± 5%) 
TS4 700 °C         28.1 0.37 44.1 
 
1.24 
TS4 800 °C 18.7 0.22 
 
2.80 0.99 
TS4 900 °C 6.1 0.04 
 
0.98 0.84 
Control 700  °C 25.6 
 
0.16 
 
14.2 0 
Control 800  °C 6.4 0.06 
 
1.50 0 
Control 900  °C 1.0  
 
0.00 
 
1.00 
 
0 
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          Figure 6. Type IV isotherm of the sample calcined at 700 °C. a) control b) TS4  
3.5. Photocatalytic study 
The photoactivity of TS4 sample calcined at 900 °C were analyzed via rhodamine 6G degradation in an 
attempt to assess the photoactivity performance of the high temperature stable anatase titania. The 
photoactivity of the control sample was also carried out in the same way. The control sample 
decolourised the dye within 110 minutes whereas the S-modified sample completely degraded the dye 
within 40 minutes. The control and TS4 sample calcined at 700, 800 and 850 ºC were also subjected to a 
photocatalytic study (Supporting Information 1). The TS4 sample calcined at 800 ºC degraded the 
rhodamine dye within 15 minutes whereas the control (800 °C) required 40 minutes. The maximum 
photoactivity was shown by the 850 °C calcined TS4 sample which took only 12 minutes to complete 
the degradation of the dye whereas the control (850 °C)  required 80 minutes (Figure 7). This enhanced 
efficiency of the S modified titania photocatalyst is reflected in kinetic analysis of the results 
(Supporting Information 1). The rhodamine degradation follows pseudo-first order kinetics. First order 
degradation rate constants, obtained by plotting the natural logarithm of the absorbance against 
irradiation time for control and TS4 sample were calculated. The rate constant values recorded for the 
TS4 samples calcined at various temperatures were consistently and significantly superior to those 
recorded for the control samples under identical conditions (Supporting Information 1). Dark studies, 
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where the above experiments were repeated in the absence of a light, showed that there were no 
adsorption effects. A sample left for 24 hours showed little change in absorbance. The kinetic plots and 
the progress of the reaction are shown in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                    
 
 
 
 
Figure 7. Kinetic study and absorption spectra of rhodamine dye degradation using A) control and B) 
TS4 samples calcined at 850 °C. A0 is the intial absorbance and A is the absorbance after a time of the 
rhodamine dye degradation. (Error bars ± 10%) 
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4. Discussion 
The reactivity of transition metal alkoxide precursors is very high compared to other metal alkoxides 
such as silicon alkoxide because of their incomplete d-subshell electronic configuration which helps to 
change the co-ordination ability and oxidation states.31,32 The presence of vacant d –orbitals in transition 
metal enables an increase in co-ordination number and in the case of a titania metal ion precursor, can 
increase the co-ordination number from 4 to 6. This will results in the immediate formation of an 
oxo/hydroxo precipitate from the initially formed aquo complex.33 The general reaction is represented 
as,  
Mz+ + :O
H
H
M :O
H
H
z+
          (4)  
 
[M-(OH2)] z+        [M-OH](Z-1)+   + H+            [M=O] (Z-2)+ + 2H+     (5) 
  Aquo        Hydroxo        oxo 
Titanium isopropoxide reacts with water and an aquo complex is initially formed as indicated in 
Equations 4 and 5. The aquo complex immediately produces titanium oxo/hydroxo complex 
precipitates.33 In order to avoid the fast reactivity towards hydrolysis and condensation, chemical 
additives (complexing molecules) are added to moderate the rate of the reaction.34 This usually leads to 
the formation of a transparent sol instead of precipitating oxo/hydroxo complexes.33,35,36 It has been  
reported that to form the crystalline product, hydrolysis needs to be completed before condensation 
occurs.34,37 The hydrolysis and condensation of transition metal alkoxide can be effectively controlled at 
a very low pH.37 During the hydrolysis in the presence of acid at low pH, the OR group attached to the 
metal are protonated first by the H3O+, which causes the OR group to reduce its electronegativity (its 
charge becomes more positive).37,38 The metal ion, which is already positively charged begins to repel 
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the protonated OR, this will effectively reduce the rate of hydrolysis and condensation. In the present 
study sulphuric acid was used as a chemical modifier to reduce the rate of hydrolysis and condensation. 
Titanium isopropoxide reacts exothermally with sulphuric acid to form titanyl oxysulphate and thus 
decomposes at higher temperature to produce sulphur doped titania as indicated by Equations 6 and 7. 
Ti(OPr)4 + H2SO4+H2O                         TiOSO4 + 4(CH3-CH(OH)-CH3)     (6) 
2TiOSO4                       2TiO2-xSx+ (2-x)SO2 + O2                                                            (7)     
The titanyl oxysulphate is stable up to a temperature 600 °C as indicated by the XRD (JCPDS file no. 
81-1566) (Figure 8). DSC analysis of the sulphur modified sample (TS4 sample) showed an 
endothermic peak at 620 °C (Figure 9) due to the decomposition of TiOSO4 (Equation 7). This is 
consistent with the XRD pattern at 700 °C (Figure 1) where the TS4 sample showed pure anatase phase 
only. This shows that above 600 °C TiOSO4 began to decompose and formed sulphur doped anatase 
phase. Anatase (tetragonal, a=b=3.78Å; c=9.50Å) and rutile (tetragonal, a=b=4.58Å; c=2.95Å) are the 
two main forms of titania. Even though it can exist in brookite form (rhombohedral, a=5.43Å; b=9.16Å; 
c=5.13Å), this particular phase has not arrived at any stage of this study. Both anatase and rutile crystal 
structures consist of [TiO6]2- octahedra, which share edges and corners in different manners, while 
keeping the overall stoichiometry as TiO2.37,39  In rutile, two opposite edges of each [TiO6]2-  octahedra 
are shared to form a linear chain and these chains are further linked to each other by sharing the corner 
oxygen atoms, but in anatase there is no corner sharing, only the four edges of the [TiO6]2-  octahedra are 
shared.37 The TiOSO4 which is stable up to 600 °C indicated by the XRD and DSC results (figure 8 and 
9) has a basic structure (Scheme 1) consisting of connected [TiO6]2-  octahedra and [SO4] 2- tetrahedra.46 
On further heat treatment of the TS4 sample above 600 °C the decomposition  of  TiOSO4 occurs 
(Equation 7) to form the edge shared anatase titania as shown by the Scheme 1. It has been reported that 
sulphur doping is difficult to achieve in titania due to the larger formation energy needed to substitute 
the oxygen by sulphur to form TiO2-x Sx.44,45  Therefore it is important to note here that TS4 sample 
achieved 1.24, 0.99 and 0.84 At. % sulphur doping at 700, 800 and 900 °C respectively (Table 2). Here 
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sulphur doping was easily achieved by the decomposition of TiOSO4 formed by the reaction between 
titanium isopropoxide and sulphuric acid (Equation 7).  
 
 
 
 
 
 
 
Figure 8. XRD of the samples calcined at 600 ° C a) control b) TS4  
 
 
 
 
 
 
 
 
  Figure 9. DSC curve of a) control b) TS4. 
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Even though anatase and rutile exist in tetragonal structure, experimental evidence indicates that anatase 
is more stable kinetically than rutile at room temperature and atmospheric pressure.2,37 Rutile is reported 
to be more stable thermodynamically than anatase at normal temperature.37,39 Anatase crystals undergoes 
nucleation and growth process during calcination and forms rutile titania after reaching a critical 
size.39,40 The thermodynamic phase stability calculation by Zhang and Banfield shows anatase titania 
transforms to rutile only after growing to a crystal size ca.14 nm.40,41   Below this critical size ca.14 nm, 
anatase phase is more stable. The crystallite sizes calculated by using the Scherrer equation (Equation 3) 
for the TS4 sample and control sample are shown in the Table 3. Here in the case of control titania 
mentioned above, the critical size is already exceeded at 700 °C (17.7 nm) itself whereas the TS4 
sample reached this limit (15.7 nm) only after the calcination at 850 °C. This suggests that the anatase 
phase is more stabilized as a result of sulphur doping due to the decrease in crystallite size.  
Table 3. Crystallite size of anatase.  
Crystallite size of anatase (nm) (± 5%) Samples 
700 °C 800 °C 850 °C 900 °C 
Control  17.7 * * * 
TS4 7.09 12.9 15.7 23.6 
 
* Anatase phase is transformed to rutile 
It was reported that sulphuric acid pre-treatment on TiO2 particles provide 90% anatase at 700 °C and it 
completely transformed to rutile phase at 800 °C.18,19 In the present investigation, it is realized that the 
S-modification of TiO2 by sulphuric acid was effective in extending the anatase stability up to 900 °C. 
Although the lower mole percentage sample TS1 and TS2 improved the anatase stability, gradual 
increments in molar concentration of sulphuric acid shows that S-modification of TiO2 was most 
effective at four times the concentration of the titanium isopropoxide (TS4 sample). Studies of the phase 
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transformation temperatures by XRD and Raman spectroscopy support this conclusion. During the 
calcination process, surface adsorbed water, hydroxyl group and bridged OH group attached to TiO2 will 
be removed. This elimination causes the formation of an oxygen vacancy in the titania matrix.17,18 In this 
oxygen vacancy sites the sulphur may be doped as an anion/cation, but it has been previously reported 
by Yu et al.  that anionic sulphur doping is difficult to achieve because the ionic radius of S2- (1.7 A°) 
ion has larger than O2- (1.22 A°).21 The bond strength of Ti-S bond (418.0 KJ/mole) is less than the 
already existing Ti-O bond (672.4 KJ/mole).21b Therefore the substitution of Ti4+ by S6+ is chemically 
more favorable than the replacement of O2- by S2-. In this study the presence of S6+ ions in the titania 
lattice was confirmed by XPS measurement which showed a peak at 168.4 eV (figure 5). It should be 
noted here that the oxidation state of sulphur in sulphuric acid is in the +6 state, which also facilitates 
the doping of sulphur as S6+. 
Nanocrystalline titania exhibits photoactivity in the presence of UV light and it can decompose organic 
pollutants into CO2, NH4+, NO3- and H2O. This activity depends upon several factors such as the rate of 
electron hole recombination, number of electrons created, phase composition (anatase or rutile), surface 
area, crystallinity as well as crystallite size of the TiO2 and the absorption properties of the dyes on the 
surface of TiO2 used.29 Sulphur modified sample exhibits higher photoactivity than the control sample 
prepared under identical conditions. The photoactivity of the control sample decreases with increased 
calcination temperature, whereas the sulphur modified sample shows improvement in photoactivity as 
the calcination temperature increases (Figure 10). It has been reported that the adsorption affinity of 
anatase phase for organic compound is higher than rutile, and anatase exhibits lower rates of 
recombination in comparison with rutile due to its 10-fold   greater rate of electron trapping.47 In this 
particular study anatase phase stability of the nanocrystalline TiO2 powders at high calcination 
temperatures due to the sulphur doping is the main reason for the high photoactivity. Sulphur doping 
leads to two main improvements in the modified sample. Firstly, sulphur doping significantly increased 
the surface area of the high temperature stable anatase titania (Table 2) which leads to the improved 
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adsorption and there by high concentration of the reactant rhodamine dye molecules near the active 
centers of titania. Secondly it significantly changed the band gap of high temperature stable anatase 
titania (Supporting Information 2 and 3). The photoactivity of the TS4 samples increased with increase 
in calcination temperature (Figure 10) and it decreased after 850 °C. The reason for the highest activity 
of the TS4 sample calcined at 850 °C can well explained with the critical crystallite size limit of the 
photoactivity. It is well known that the photoactivity of nanocrystalline titania is strongly dependent on 
its crystallite size.41,42,43 The reported critical crystallite size limit of TiO2 for better photoactivity of 
nanocrystalline titania is ca. 15 nm, above or below this value, the photoactivity is decreased.41,42  In our 
case, the sulphur modified sample reached this limit at 850 °C (Figure 11) which shows the highest 
activity among the various TS4 sample calcined at different temparature (Figure 7). 
  
 
 
 
 
 
 
Figure 10. Variation of rate constant as a function of calcination temperature a) Control b) TS4 
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Figure 11. Variation of rate constant as function of crystallite size of TS4 sample.  
5. Conclusions 
High temperature stable anatase (up to 20 % weight fraction) titania, existing up to 900 °C, has been 
successfully prepared by chemically modifying the precursor with sulphuric acid. This method 
eliminates the formation of various secondary impurity phases such as metal titanates and/or metal 
oxides at high temperatures which can lead to the reduction of the photoactivity and phase stability of 
anatase titania. Sulphur doping in high temperature stabilised anatase titania has been easily achieved by 
the decomposition of TiOSO4 formed by the initial reaction between titanium isopropoxide and 
sulphuric acid. The high temperature stability of anatase titania and sulphur doping was investigated by 
different characterization techniques such as XRD, Raman spectroscopy, DSC, XPS and BET surface 
area analysis. All the sulphur modified samples shows significantly higher photoactivity compared to the 
control titania. The enhanced efficiency of the sulphur modified titania photocatalyst is reflected in 
kinetic analysis. The pseudo first order rates for the oxidation of rhodamine dye by the sulphur modified 
sample calcined at different temperature (700, 800, 850 and 900 °C) are significantly higher than the 
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corresponding control samples.  The TS4 modified sample calcined at 850 °C has a rate constant of 0.27 
min-1 whereas that for the control sample at the same temperature is 0.02 min-1.  
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SUPPORTING INFORMATION  
Supporting Information 1. Table 1. Rate constant and photocatalysis of control and TS4 sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Control TS4 
 
Calcination 
Temperature  
Rate constant 
(min-1) error 
bar ±10% 
Time for  
Decolourization 
Rate constant 
(min-1) error 
bar ±10% 
Time for 
decolourization 
700 °C 0.10 30 0.13 18 
800 °C 0.07 40 0.17 15 
850 °C 0.02 80 0.27 12 
900 °C 0.02 110 0.06  40 
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Supporting Information 2. Diffuse Reflectance Spectra of  TS4 samples. 
 
 
 
 
 
 
 
 
 
Supporting Information 3. Band gap of   TS4 samples calcined at different temperatures estimated  
from the onset of absorbance. 
Band gap Samples 
700 °C 800 °C 850 °C 900 °C 
TS4 3.41 3.25 3.14 3.13 
 
Supporting Information 4.  XPS data of the TS samples calcined at different temperatures 
 Atomic % Sample Temperature (ºC) 
Sulphur Titanium Carbon Oxygen 
700 1.24 22.79 9.5 65.46 
800 0.99 22.51 12.98 61.89 
 
TS4 
900 0.84 21.14 14.76 62.19 
700 1.44 23.78 9.16 64.62 
800 0.76 22.13 15.12 60.83 
 
TS8 
900 1.32 23.01 11.54 62.90 
700 1.21 23.19 11.42 63.22 
800 0.98 22.17 14.02 61.53 
 
TS16 
900 1.01 22.18 11.92 64.19 
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